D-Galactosyl-1!4-L-rhamnose (GalRha) was produced enzymatically from 1.1 M sucrose and 1.0 M L-rhamnose by the concomitant actions of four enzymes (sucrose phosphorylase, UDP-glucose-hexose 1-phosphate uridylyltransferase, UDP-glucose 4-epimerase, and D-galactosyl-1!4-L-rhamnose phosphorylase) in the presence of 1.0 mM UDP-glucose and 30 mM inorganic phosphate. The accumulation of GalRha in 1 liter of the reaction mixture reached 230 g (the reaction yield was 71% from L-rhamnose). Sucrose and fructose in the reaction mixture were removed by yeast treatment, but isolation of GalRha by crystallization after yeast treatment was unsuccessful. Finally, 49 g of GalRha was isolated from part of the reaction mixture with yeast treatment by gel-filtration chromatography.
The reversibility of the reactions makes possible the combined actions of two phosphorylases that produce the same monosaccharide 1-phosphate. Combination of one phosphorylase acting on a cheap material and another phosphorylase makes one-pot synthesis of the objective oligosaccharide from that cheap material. The production of trehalose from maltose 4) was the first achievement of the combined action of two phosphorylases. We have reported the preparation of cellobiose 1, 5) and laminaribiose 6) from sucrose by combination of sucrose phosphorylase (SP) with cellobiose phosphorylase and with laminaribiose phosphorylase respectively, in the presence of xylose isomerase. -Glucosides (cellobiose and laminaribiose) were produced from -glucoside (sucrose) in one pot, though they are unavailable through tranglycosylation by hydrolytic enzymes.
We have expanded combination to two phosphorylases that produce different monosaccharide 1-phosphates by adding an enzymatic system to convert them to each other. Using our technique, lacto-N-biose I (Dgalactosyl-1!3-N-acetyl-D-glucosamine, LNB) 7) and galacto-N-biose (D-galactosyl-1!3-N-acetyl-D-galactosamine, GNB) 8) were produced from sucrose and the corresponding N-acetylhexosamine by one-pot reaction using a combination of D-galactosyl-1!3-N-acetyl-Dhexosamine phosphorylase (GalHexNAcP) and SP by the enzymatic system to transfer -D-glucose 1-phosphate (Glc1P) into -D-galactose 1-phosphate (Gal1P), consisting of UDP-glucose-hexose 1-phosphate uridylyltransferase (GalT) and UDP-glucose 4-epimerase (GalE) (Fig. 1) . Using the system, we successfully produced -galactosides from -glucoside.
Recently we reported a unique -galactoside phosphorylase, D-galactosyl-1!4-L-rhamnose phosphorylase (GalRhaP, EC2.4.1.247), that reversibly phosphorolyzes D-galactosyl-1!4-L-rhamnose (GalRha) to produce Gal1P and L-rhamnose (Rha). 9, 10) This enzyme was found among homologs of GalHexNAcP, but the substrate specificity of the enzyme is completely different from those of known GalHexNAcPs. [11] [12] [13] [14] [15] [16] GalRhaP is the only phosphorylase acting on Rha as an acceptor among phosphorylases to date.
In nature, GalRha is found as a component of rhamnogalacturonan I in pectin 17) and in the exopolysaccharides produced by some bacteria. 18) An exopolysaccharide containing the GalRha disaccharide unit produced by Bifidobacterium longum JBL05 has immune system modulating activity. 19) Hence, GalRha is expected to be a functional sugar. However, only chemical synthesis methods of GalRha have been reported, to our knowledge. 20, 21) Chemical synthesis requires many steps, including protection and deprotection of hydroxyl groups to make target products. 20, 21) In this study, we designed a large-scale preparation method for GalRha enzymatically in one pot using low-cost materials with GalRhaP.
Materials and Methods
Materials. Enzymes from Bifidobacterium longum (SP, GalT, and GalE) 7) and Clostridium phytofermentans (GalRhaP) 10) were produced in Escherichia coli BL21 (DE3) with the corresponding expression plasmids, and were purified as previously described. L-Rhamnose and y To whom correspondence should be addressed. Tel: +81-29-838-8071; Fax: +81-29-838-7321; E-mail: mkitaoka@affrc.go.jp Abbreviations: GalE, UDP-glucose 4-epimerase; GalHexNAcP, D-galactosyl-1!3-N-acetyl-D-hexosamine phosphorylase; GalRha, D-galactosyl-1!4-L-rhamnose; GalRhaP, D-galactosyl-1!4-L-rhamnose phosphorylase; Gal1P, -D-galactose 1-phosphate; GalT, UDP-glucose-hexose 1-phosphate uridylyltransferase; Glc1P, -D-glucose 1-phosphate; GNB, galacto-N-biose; HPLC, high performance liquid chromatography; LNB, lacto-N-biose I; Rha, L-rhamnose; SP, sucrose phosphorylase; TLC, thin layer chromatography UDP-glucose sodium salt were purchased from Nacalai Tesque (Kyoto, Japan).
Synthesis of GalRha. The reaction scheme for the production of GalRha is shown in Fig. 1 . One-pot synthesis of GalRha was performed in a reaction mixture containing 1.1 M sucrose, 1.0 M Rha, 30 mM sodium phosphate buffer (pH 7.0), 1 mM UDP-glucose, 10 mM MgCl 2 , and various concentrations of the four enzymes (SP, GalT, GalE, and GalRhaP) at 30 C. For product analysis, an aliquot (20 ml) of the reaction mixture was diluted with 180 ml of distilled water and then was heated at 95 C for 5 min to stop the reaction. Large-scale preparation of GalRha was done in a 1-liter scale reaction, 1.1 M sucrose, 1.0 M Rha, 1.0 mM UDP-glucose, 30 mM sodium phosphate buffer (pH 7.0), 10 mM MgCl 2 , 23 mg/ml (1.5 U/ml) SP, 48 mg/ml (10 U/ml) GalT, 61 mg/ml (8.5 U/ml) GalE, and 146 mg/ml (4.4 U/ml) GalRhaP, at 30 C for 28 d. The solution was sterilized by filtration with Steritop (Millipore, Billerica, MA) to prevent microbial contamination that might have caused inactivation of enzymes when the reaction started.
After the reaction, 50 g of DEAE-cellulose (DE52, Wako Pure Chemical Industries, Osaka) equilibrated with 50 mM sodium phosphate buffer (pH 7.0) was added to the reaction mixture to adsorb the enzymes. The suspension was stirred at room temperature for 1.5 h, and then the DEAE-cellulose was removed by filtration. After 660 ml of distilled water was added to the filtrate, 33 g of dried baker's yeast (Oriental Yeast, Tokyo) was added to the mixture. The sample was incubated at 30 C with vigorous agitation for 15 h to eliminate fructose and sucrose. 22) Then yeast cells were removed by centrifugation.
To isolate GalRha from Rha, aliquots of the solution (20 ml) were loaded every 40 min onto a gel filtration column using a Toyopearl HW-40F column (5 cm' Â 80 cm) (Tosoh, Tokyo) at a flow rate of 10 ml/min using distilled water as the solvent. Fractions containing GalRha were collected, desalted using Amberlite MB-3 (Organo, Tokyo), evaporated, and lyophilized.
Thin-layer chromatography (TLC). The samples after heat treatment (1.2 ml) were spotted onto a TLC plate (7:5 cm Â 5 cm, Kieselgel 60 F 254 ; Merck, Darmstadt, Germany), and the TLC plate was then irrigated 2 times with acetonitrile/water (80:20, v/v). The TLC plate was dipped in a 5% sulfuric acid-methanol solution briefly and heated in an oven until the carbohydrates were sufficiently visualized.
High-performance liquid chromatography (HPLC). The samples, diluted 3,000 times from original concentration (10 ml), were loaded onto a CarboPak PA-1 column (4 mm' Â 250 mm, Dionex, Sunnyville, CA). The reaction products were separated with a linear gradient from 0 to 0.1 M sodium acetate in the presence of 0.1 M NaOH as the solvent at a flow rate of 1 ml/min for 20 min, and were detected with an ED40 electrochemical detector (Dionex).
Determination of the equilibrium constant. In order to determine the equilibrium constants (K) of the phosphorolyses of the disaccharides, the reverese reactions were carried out using GalHexNAcP 12) (for LNB) and GalRhaP 10) (for GalRha, and D-galactosyl-1!3-D-glucose) at 30 C. Substrate solutions (200 ml) containing 100 mM MOPS (pH 7.0), 10 mM Gal1P, and 10 mM acceptor were reacted with enzymes, 135 mg/ml of GLNBP/95 mg/ml (for GalRha) or 750 mg/ml (for D-galactosyl-1!3-D-glucose) of GalRhaP, until increases in the inorganic phosphate concentration stopped. The reaction mixture (12.5 ml) was mixed with 112.5 ml of 0.2 M sodium phosphate (pH 4.0) to stop the reaction. The concentration of Pi was measured as previously described.
16) The K values were calculated using the initial substrate concentrations and the Pi concentration in equilibrium.
Results and Discussion
Optimization of enzyme concentrations First we examined the optimum concentration ratio of GalRhaP against the ratio of the other three enzymes used in the synthesis of LNB. 7) We varied the GalRhaP concentration (23 to 720 mg/ml, 0.69-22 U/ml) in the presence of fixed concentration ratios of the three enzymes, SP (90 mg/ml, 5.9 U/ml), GalT (60 mg/ml, 13 U/ml), and GalE (78 mg/ml, 11 U/ml), as described previously. After the reaction ran for 140 h, the amounts of reaction products (GalRha + fructose) were compared by thin-layer chromatography ( Fig. 2A) . We determined a ratio of GalRhaP to GalT (by weight) of 3 to be optimum because no significant increases in the amounts of products were observed with increases in the ratio beyond 3.
Next we optimized the ratio of SP. Because SP has only minor hydrolytic activity, 23) minimization of the SP concentration is important to reduce the production of glucose as a by-product. The reaction was carried out in the presence of GalT (0.048 mg/ml, 10 U/ml), GalE (0.062 mg/ml, 8.7 U/ml), GalRhaP (0.143 mg/ml, 4.3 U/ml), and various concentrations of SP. After the reaction ran for 1 d, the amounts of GalRha and glucose were quantified by HPLC. The concentration of glucose formed increased linearly with increases in the amount of SP (Fig. 2B) . We determined a ratio of SP to GalT (by weight) of 0.4 to be optimum, because no remarkable decrease in the amount of GalRha was observed with decreases in the ratio up to 0.4 (Fig. 2B) .
Large-scale preparation of GalRha
We carried out a 1-liter scale reaction under the optimized conditions. After the reaction ran for 28 d, the time course of the products reached a plateau, and 230 g (710 mM) of GalRha was produced in the reaction mixture (reaction yield, 71% from Rha) (Fig. 3) .
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Sucrose Fructose The enzymes used are boxed. Starting sugars and compounds added as catalysts are underlined and asterisked, respectively. Products are italicized. The details of the synthesis of -galactoside are as follows: (i) Sucrose is phosphorolyzed into Glc1P and fructose by SP, (ii) the uridine monophosphate group of UDP-Gal is transferred to Glc1P to form Gal1P and UDP-Glc by GalT, (iii) UDP-Glc is transformed into UDP-Gal by GalE, (iv) thegalactoside is generated from Gal1P and the acceptor bygalactoside phosphorylase with the release of phosphate. Since UDP-Glc, UDP-Gal, phosphate, Glc1P, and Gal1P are recycled in the reaction, the overall reaction can be described as the transformation of sucrose and the acceptor to the -galactoside and fructose by the concomitant action of the four enzymes in the presence of UDP-Glc and phosphate.
a For the production of LNB, GNB, and GalRha as the -galactoside, GlcNAc/GalHexNAcP, GalNAc/GalHexNAcP, and Rha/GalRhaP respectively are used as acceptor/-galactoside phosphorylase.
For isolation of GalRha, we followed the procedures for the production of LNB 7) and GNB, 8) consisting of yeast treatment and crystallization. Sucrose, fructose, and glucose were successfully removed from the reaction solution by treatment with yeast after removal of the enzymes. The yeast did not ferment the sugars without dilution, probably due to the hypertonicity of the reaction mixture. Several attempts to crystallize GalRha (from water and ethanol) were unsuccessful even using purified GalRha. Hence we needed gel filtration chromatography to purify GalRha from the reaction mixture containing GalRha and Rha. Finally, 49 g of pure GalRha was obtained after lyophilization as a white powder from 400 ml of yeast-treated sample (isolation yield, 88% from GalRha in the yeast-treated sample).
Equilibrium of the reaction
The yield of GalRha synthesis (71% from rhamnose) was significantly lower than those of LNB and GNB, which have been reported to be higher than 80%. 7, 8) The equilibrium constants (K) in the synthesis (reverse phosphorolysis) of various disaccharides were determined in order to explain the difference in yield. The results are given in Table 1 . The K values for the syntheses of LNB and GNB 16) were significantly higher than that of GalRha, suggesting that the difference in yield is explainable by the difference in the equilibria of the phosphorolyses. The difference in equilibrium cannot be explained by the difference in the 1!3 and 1!4 linkages, because the K value of GalRha was close to that of D-galactosyl-1!3-D-glucose. Those were also close to that of cellobiose, 24) suggesting that the K values of LNB and GNB are significantly higher than those of other disaccharides. Considering the difference between LNB and D-galactosyl-1!3-D-glucose in molecular structure, the N-acetyl groups in LNB and GNB located close to the linkage may cause a stable conformation.
General discussion
In this study we succeeded in producing GalRha enzymatically in a one-pot large-scale reaction and isolated GalRha. This indicates that the method shown in Fig. 1 is applicable to other galactoside synthesis. In addition, we used a higher concentration of acceptor (1.0 M Rha) than those in LNB or GNB synthesis (0.6 M GlcNAc and GalNAc), because the concentrations of GlcNAc and GalNAc used are limited only by their solubility in water. GalRha is expected to have some function because the GalRha disaccharide unit is present in nature. Large-scale production of GalRha makes it possible to investigate the physiological roles of GalRha. A, TLC analysis of GalRha production at various concentrations of GalRhaP with fixed concentrations of the other three enzymes. The concentrations of GalRhaP were from 23 to 720 mg/ml (0.69-22 U/ml) in the presence of SP (90 mg/ml, 5.9 U/ml), GalT (60 mg/ml, 13 U/ml), and GalE (78 mg/ml, 11 U/ml). After 140 h of reaction, the samples were used for TLC analysis. Lane M represents the marker (10 mM each sugar). B, GalRha and Glc production in the presence of various concentrations of SP. The reaction was carried out in the presence of GalT (48 mg/ml, 10 U/ml), GalE (62 mg/ml, 8.7 U/ml), GalRhaP (143 mg/ml, 4.3 U/ml), and SP. 
